To determine seroprevalence of neuromyelitis optica (NMO)-IgG in childhood CNS inflammatory demyelinating disorders.
The defining characteristic of neuromyelitis optica (NMO) is the combination of monophasic or recurrent episodes of optic neuritis and longitudinally extensive transverse myelitis (LETM), either monophasic or recurrent. 1 In adult patients, NMO is traditionally distinguished from multiple sclerosis (MS) by the selective involvement of optic nerves and spinal cord, a longitudinally extensive spinal cord e-Pub ahead of print on December 19, 2007 , at www.neurology.org. *Both authors contributed equally to the study. lesion, a higher relapse rate, a shorter interval between relapses, and poor recovery with early paraparesis or blindness. 1 The aquaporin-4-specific (AQP4) water channel autoantibody, NMO-IgG, is detected in 73% of adults with NMO and is 92% specific for NMO or a partial form of that disorder. 2, 3 These disorders include recurrent optic neuritis (25% seropositive for NMO-IgG) or longitudinally extensive myelitis (60% of patients with active relapsing LETM seropositive, and 38% seropositivity at the first episode of LETM in patients at high risk for relapse or development of optic neuritis). Thus, in adults NMO-IgG defines a spectrum of inflammatory disorders involving the spinal cord and optic nerves that may share a common autoimmune pathogenesis. 2, 4 Immunopathologic studies reveal loss of AQP4 immunoreactivity in CNS regions that exhibit vasculocentric deposition of immunoglobulins and products of complement activation. These findings support a pathogenic role for a complement-activating, AQP4-specific autoantibody as the initiator of the NMO lesion. 5, 6 Published reports of NMO in children are rare. Sporadic cases of NMO-IgG sero-positive pediatric NMO cases have been encountered, 7 but the frequency of this serum autoantibody in NMO and other inflammatory CNS disorders in children is unknown. The limited literature suggests that NMO may be a milder disease 8 in children. Thus, data from adult disease might not extend to the pediatric population. The particular challenge of distinguishing NMO in children, on clinical grounds, from isolated TM, optic neuritis, acute disseminated encephalomyelitis (ADEM), or relapsing-remitting multiple sclerosis (RRMS) prompted us to review the clinical and radiologic characteristics and NMO-IgG status in a large group of children with acquired inflammatory demyelinating disorders of the CNS.
METHODS Patients. Children with a diagnosis of acquired inflammatory demyelination of the CNS (onset before age 18 years) were enrolled from the Pediatric Demyelinating Disease Programs at two clinical sites (Hospital for Sick Children, Toronto, Canada, and the Hospital de Pediatria Dr. J.P. Garrahan, Buenos Aires, Argentina). Forty-seven children (54%) were enrolled from Canada and 40 children (46%) were enrolled from Argentina (figure 1). Demographic and clinical features are described in tables 1 and 2. Group I included all patients with clinical NMO from both sites. Patients with optic neuritis (Group II), TM (Group III), ADEM with LETM (Group IV), and RRMS (Group V) were selected on the basis of serum being available for testing.
Group I consisted of 17 children meeting 1999 diagnostic criteria for NMO. 1 Relapsing NMO was defined as recurrent episodes of optic neuritis, TM, or both occurring after sentinel episodes of optic neuritis and TM.
Group II consisted of 13 children with optic neuritis (monophasic 8, recurrent 5) defined by acute or subacute vision loss in association with one or more of the following: relative afferent pupillary defect in the affected eye in unilateral cases, visual field deficit or scotoma, impaired color vision, optic disc edema, or abnormal visual evoked potentials in the absence of clinical evidence of spinal cord disease. 9 Group III consisted of 12 children with a single episode of TM, plus a single case that fulfilled published criteria for recurrent LETM. 10 Group IV consisted of 3 children with LETM in the context of a clinical diagnosis of ADEM (encephalopathy with multifocal neurologic deficits) and MRI evidence of multifocal demyelination. 11, 12 Group V consisted of 41 children meeting diagnostic criteria for RRMS, 13, 14 of whom 27 had relapses involving optic nerves or spinal cord.
Data acquired prospectively from each institution included age, sex, ethnicity, country of patient's and parents' birth, immigration history, country of residence, medications, number of demyelinating events, clinical characteristics of each relapse, most recent functional status (defined by Asian
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Disease duration at last visit, y, median (range) 3.0 (0.1-10. questionnaire), and Expanded Disability Status Scale (EDSS) 15 assessed at most recent clinical examination. NMO-IgG status for each participant was determined without knowledge of the clinical diagnosis.
Neuroimaging. All available brain and spine MRI scans were reviewed blinded to NMO-IgG status. One or more brain scans were available for 86 of the 87 children (99%) and were obtained at a median of 1.0 month from clinical onset (range 0 to 90 months). Lesions were scored from T2-weighted MRIs for number, location (periventricular, juxtacortical brainstem, cerebellar, corpus callosal, or hypothalamic), size, and configuration. Number and location of enhancing lesions were recorded from postcontrast T1-weighted MRIs. Those with MS-like lesions were scored as satisfying or not satisfying diagnostic criteria for MS lesion dissemination in space. 14 Spinal cord scans were available for 17 children with NMO (100%), 31 children with RRMS (76%), 12 children with TM (92%), and 3 children with LETM plus ADEM (100%). Only 5 children with isolated optic neuritis had spine MRI scans. Spinal cord imaging was typically performed within 1 month of onset of symptoms (median of 1.2 months, range 0 to 88.8 months). For spinal cord MRI scans, the number of lesions, lesion enhancement, and the maximal spinal segment length of each lesion were recorded. Single or multiple lesions that were small (less than three vertebral segments in length) or encompassed only a portion of the cord diameter were deemed "MS-like." Lesions spanning three vertebral segments or more were classified as LETM. Lesion distribution in the brain and spinal cord MRIs are described in tables 3 and 4.
Serologic testing. Serum samples from the 87 children
were analyzed for NMO-IgG blinded to clinical diagnosis in the Mayo Clinic Neuroimmunology Laboratory both by quantitative indirect immunofluorescence on a substrate of mouse cerebellum and midbrain 2 and by immunoprecipitation using GFP-AQP4 solubilized from stably transfected HEK 293 cells as antigen and protein G agarose as immunoprecipitant. 3 Immunofluorescence results were scored as positive or negative by two experienced readers; sera from 30 healthy control children (median age 5.0 years, range 2 to 17 years) also were tested and scored in blinded fashion (figure 2).
CSF analyses.
Testing for oligoclonal IgG bands was performed in local laboratories at the time of acute presentation.
Statistical analyses. We compared the frequency of NMO-IgG in all groups and assessed demographic and clinical features of seropositive and seronegative patients within each diagnostic category. 2 , Fisher exact test, or t test analyses (␣ ϭ 0.05) were used as appropriate.
The study was approved by the Institutional Review Boards of the Mayo Clinic, Rochester, MN; the Hospital for Sick Children, Toronto, Canada; and the Hospital de Pediatria Dr. J.P. Garrahan, Buenos Aires, Argentina. Table 1 shows demographic and clinical characteristics and NMO-IgG status for the five study groups. Figures 1 and 2 show NMO-IgG status and titers.
RESULTS
Group I (NMO). All patients fulfilled NMO diagnostic criteria. 1, 16 Eight of 17 children (47%) were NMO-IgG positive (figure 1). Relapsing NMO was diagnosed in 9 children (annualized relapse rate 1.27, range 0.2 to 2.7). Seropositivity was more prevalent in children with relapsing NMO (7 of 9, 78%) than in children with monophasic NMO (1 of 8, 12.5%, p ϭ 0.01). Median NMO-IgG titers (3, 840 , range 960 to 61,440) were higher in children with relapsing NMO than in the single NMO-IgG seropositive child with monophasic NMO (titer 960, figure 2). Table 2 compares the clinical and demographic characteristics of relapsing and monophasic NMO. The follow-up period for children with monophasic NMO was significantly shorter than for children with relapsing NMO (median 1.1 vs 4.95 years, p ϭ 0.016). EDSS at last follow-up was not significantly different in monophasic, compared with relapsing, patients when adjusted for duration of follow-up. NMO-IgG status had no significant effect on EDSS. Seropositive and seronegative patients with NMO did not differ significantly with respect to sex or ethnicity. Oligoclonal bands were not detected in any of the 12 children for whom CSF results were available. Seven of the eight seropositive children were receiving immunosuppressant therapy at the time of serum acquisition (four prednisone, one glatiramer acetate, and two monthly IV cyclophosphamide pulse therapy, table 1). Four of the nine seronegative patients (seven monophasic, two relapsing) were receiving immunosuppressant therapy at the time of serum acquisition (three prednisone and one interferon-␤ 1a for relapsing NMO).
Nine patients (53%) had MRI brain abnormalities (table 3) . Six patients (three seropositive) had T2 signal abnormality extending from the cervical cord into the lower brainstem ( figure 3A) ; one seropositive patient had a lesion in the hypothalamus and one seronegative patient had a lesion in the corpus callosum. MRI lesions in only one patient (NMO-IgG seropositive) met criteria for classification as MS. 14, 16 Clinically, this boy's relapses were restricted to optic neuritis (multiple episodes) and LETM (one episode); a single clinical relapse involving the brain was accompanied by a cerebral white matter lesion ( figure 4A ). Sequential brain MR images in this child met criteria for lesion dissemination in space 14 (more than three lesions in the periventricular area, one juxtacortical and one infratentorial) but the multiple ovoid lesions typical of MS were never observed. Spinal MRI demonstrated LETM ( figure 4B ) and, over time, numerous lesions classifiable as MSlike (not shown). Fatigue has resolved and no relapses have occurred in the past 12 months following monthly IV cyclophosphamide pulse therapy.
After a median follow-up of 36 months (range 1.2 to 126 months), 6.3% of children with NMO were wheelchair-bound and 25% had severe visual impairment requiring visual aids (table 1) .
Group II (optic neuritis). Among five children with relapsing optic neuritis (annualized relapse rate 1.19, range 0.2 to 2.8), a single boy was seropositive. He presented at age 14 years with unilateral optic neuritis and experienced seven relapses. Two attacks were accompanied by nausea and intractable vomiting. Spinal cord involvement was not evident clinically or radiographically, but lesions were noted in the medulla (consistent with nausea and vomiting) and hypothalamus in a pattern reported previously in children with NMO 7 Table 4 Spinal figure 3, B and C) . The boy was relapse-free during 12 months of IV pulse therapy with cyclophosphamide. Of the four seronegative children with relapsing optic neuritis, two had normal brain imaging and two had multiple white matter lesions not meeting criteria for a diagnosis of MS (table 3) . Longer term clinical and radiographic observation of these children is required to determine whether they will ultimately fulfill diagnostic criteria for MS or NMO. None of the eight children with monophasic optic neuritis were seropositive. MRI revealed a few transient white matter lesions in two children and no abnormality in five; MRI information was not available for one child. At last follow-up, the seropositive boy with recurrent optic neuritis had severe visual impair-ment requiring visual aids. The 12 seronegative patients had either normal vision (n ϭ 9) or impaired vision without limitation of daily activities (n ϭ 3).
Group III (TM). The single child with recurrent LETM was seropositive. All 12 children with monophasic TM were seronegative; 9 had LETM on spinal imaging (figure 1) and 6 had clinically silent brain lesions; 5 had brainstem lesions contiguous with cervical spine lesions, and 1 child had transient multifocal supratentorial white matter lesions (table 3) . At last follow-up, a median 21.1 months after onset (range 2.4 to 44.4 months), 30.8% of these children were wheelchair-dependent.
Group IV (LETM with ADEM). None of these three children were seropositive for NMO-IgG. All three had symptomatic brain MRI lesions (table 3). The brain lesions in one child fulfilled diagnostic criteria for dissemination in space at presentation and hemorrhagic demyelination was evident in both thalami. Initial lesions resolved completely in two children; the third child had large residual lesions. No new demyelinating lesions were detected on subsequent imaging in any child.
Group V (RRMS). None of these 41 children were seropositive for NMO-IgG (annualized relapse rate 1.14, range 0.1 to 4.3). Of the 31 children for whom spine MRI scans were available for review, 22 (71%) were abnormal. MS-like lesions were identified in 86%. The patient in figure 4C had MS-like lesions in brainstem and spinal cord and, additionally, had a long cord lesion measuring nearly three vertebral segments but involving only a portion of the cord diameter. Lesions extending greater than three vertebral segments were identified in 14% of the RRMS group (table 4, figure  4D ).
Only 2.4% of the children were wheelchairbound and 5% had severe visual impairment (table 1) after median follow-up period of 51.6 months (range 2.4 to 133.2 months). DISCUSSION NMO-IgG was detected in 11% of children with acquired CNS demyelinating disorders. The clinical diagnosis in 100% of seropositive children was NMO, recurrent optic neuritis, or recurrent LETM, which in adult patients are considered collectively as NMO spectrum disorders. 2, 4 The 78% seropositivity rate for children with relapsing NMO approaches that of 86% reported for North American adult patients. 2 Similarly, the low seropositivity rate in children with monophasic NMO (12.5%) was equal to that encountered in adults with monophasic NMO (only one of the eight adult North American patients reported in 2004 with monophasic NMO 2 was NMO-IgG positive). The data we report for pedi-atric patients support NMO-IgG as a sensitive marker only for relapsing NMO. The differences in NMO seropositivity between relapsing and monophasic NMO observed in both the adult and pediatric population suggest that the biologic determinant of relapse may be different from the factor initiating the first attack. A confounder in this study is the shorter duration of follow-up observed in children with monophasic NMO compared with children with relapsing NMO. A longer duration of follow-up will be required to determine whether some children with monophasic NMO convert to a relapsing course.
The immunopathology of monophasic and relapsing NMO appear to be the same. 17 If NMO-IgG is pathogenic, it is plausible to suggest that there is a threshold effect with monophasic patients having levels of antibody that are lower or undetectable (by current assays) compared with patients with a relapsing course. It is notable that the single seropositive patient with monophasic disease in this study had a lower serum titer than any of the patients with relapsing disease.
In a prospectively ascertained cohort of 45 adult North American patients with NMO, 82% had documented relapses and 18% were considered monophasic. 2 In the present pediatric study, relapses were documented in only 50% of the children with NMO. The limited duration of follow-up for these pediatric patients with NMO precluded determining whether a lower proportion of children have relapsing NMO compared with adults. In adult patients, relapsing NMO portends a very poor clinical outcome: within 5 years of disease onset 50% are paraplegic and 30% are dead. 1 Of the 17 pediatric cases of NMO in this report, 16 patients were ambulatory without need for assistance after a median disease duration of 3 years. Thus, the short-term impact of NMO may be more favorable in children than in adults. Whether this is due to a reduced tendency for repeated optic neuritis or TM episodes remains to be determined. Larger NMO pediatric populations must be studied to evaluate this clinically relevant issue.
The MRI brain abnormalities that were observed in children with NMO are similar to those previously described in both pediatric and adult patients. 7, 18, 19 As in adult patients, 53% of children with NMO had MRI evidence of brain lesions. 7 Brainstem lesions were most common, with a majority characterized by signal abnormalities extending from the medulla to the cervical spinal cord. Diencephalic (hypothalamic) and corpus callosal lesions also were identified. 7,18,19 A single pediatric patient with NMO had multiple brain lesions that were somewhat atypical for MS but fulfilled MRI diagnostic criteria for lesion dissemination in MS. In adult patients with NMO, 10% have MS-like lesions that in some fulfill diagnostic criteria for MS. 7 These cases illustrate the clinical and radiologic difficulties inherent in classifying some patients with inflammatory CNS diseases into different diagnostic and presumably pathogenic groups. Continued histologic study of brain lesions in patients with NMO should clarify whether these lesions are immunopathologically typical of NMO or MS. The 20% frequency of NMO-IgG seropositivity in children with recurrent optic neuritis was similar to the 25% frequency reported for adult patients. 2 NMO-IgG was not detected in any child with a single episode of optic neuritis. NMO-IgG is similarly rare in adult patients with monophasic optic neuritis (S.J. Pittock and V.A. Lennon, unpublished observations).
The single child with relapsing LETM was seropositive for NMO-IgG. NMO-IgG seroprevalence in adults with relapsing LETM is 60%. 2 The rarity of recurrent LETM in children will delay ascertainment of the true frequency of NMO-IgG seropositivity in pediatric relapsing LETM. No child with monophasic LETM, with or without ADEM, was seropositive. A longer period of observation will be required to determine whether NMO-IgG seronegativity is predictive of a monophasic course of LETM in children, as it is in adults. 4 In a recent study, no seronegative adult patient with LETM relapsed or developed optic neuritis during 1 year of follow-up as opposed to a 56% relapse rate in the seropositive group. 4 The single most useful diagnostic feature associated with NMO or NMO-spectrum disorders in adult patients which aids distinction from MS is the neuroimaging finding of a longitudinally extensive spinal cord lesion. 16, 20 MRI cord lesions in adult MS are characteristically wellcircumscribed foci of increased T2-weighted signal that involve the parenchyma asymmetrically and span only a short distance longitudinally. 21 The majority of children with RRMS had spinal lesions like those of adult MS. However, 14% had longitudinally extensive spinal cord lesions, exceedingly rare in adult North American patients with MS and an important observation that distinguishes the MRI appearance of MS in children from that in adults. 22 Thus, a longitudinally extensive spinal cord lesion does not exclude the diagnosis of MS in a child and LETM is less predictive for a NMO-spectrum disorder than in adult patients. 16 Detailed MRI review of spinal cord images in large cohorts of children with MS, isolated TM, and NMO is required to determine the relative frequency of longitudinally extensive lesions in each of these pediatric entities.
